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Abstract
With respect to the determination of the strength of the structural steel members, first the behavior of cross section and then that of 
the overall member should be considered. In this study, it is aimed to determine the compactness behavior of U-shaped steel sections 
that exposed to minor-axis bending. Thus, the study questions whether the U-shaped cross section exhibits sufficient dimensions 
for the collapse mechanism to occur by aiding the moment redistribution in the structural system by supplying sufficient hinge 
rotation capacity. In order to investigate compactness behavior, three different channel section steel profiles are selected. Four point 
experimental tests are carried out to validate finite element models of the selected profiles. Upon validated finite element models, 
parametric studies are performed with finite element analyses. In the parametric study two steel classes, different beam lengths and 
cross-sectional geometries are taken as parameters. At the end of the study the plate slenderness condition required for plastic design 
calculated based on Eurocode3 is evaluated with the results of parametric study.
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1 Introduction
Steel constructions are widely used thanks to high strength 
and stiffness, passing to the long openings, fast and easy 
installation, better recycle, uniform ductility etc. However, 
steel structures have some disadvantages such as low fire 
resistance, vulnerability against the corrosion and espe-
cially high deformation because of buckling due to small 
and slender cross sections [1]. Therefore the design of the 
steel members should be made carefully for the sake of 
avoiding buckling failure modes.
With respect to the determination of the strength of the 
structural steel members, first the behavior of cross sec-
tion and then that of the overall member should be consid-
ered to avoid buckling failure. Buckling phenomenon can 
be defined as the structural instability that is associated 
with loading condition and members' slenderness. There 
are two main buckling failure modes may occurred on steel 
members; Overall (or global) buckling that characterized 
by a distorted, or buckled, longitudinal axis of the mem-
ber; local buckling that the strength of the cross section 
is wagered by the buckling of a part of the cross section 
without any distortion on the axis of the member. In both 
elastic and plastic behaviors, the strength and moment 
capacity of the cross section are limited by the buckling 
effect. Thus, cross sections and slenderness conditions of 
steel members are become crucial for structural stability. 
Compressive stresses due to the bending moments in 
unbraced and slender elements can cause local or global 
buckling. In the buckling situations, cross-section buckles 
before the full strength of the member is attained which 
is undesirable situation for structural design. Therefore, in 
design codes, the maximum allowable moment capacity to 
the plastic moment (Mp) capacity is limited in order to sat-
isfy the certain web and flange slenderness and lateral brac-
ing requirements. The slenderness requirements are often 
referred to as "compact" limits. If all three slenderness 
ratios of members are less than compact limits, the section 
of member defines as compact sections [2]. Therefore, con-
sidering of compact limits in the evaluation of buckling sit-
uation on a structural member comes to prominent.
In order to present buckling response of structural mem-
bers (columns, beams) under different loading conditions, 
many numerical and experimental studies were made by 
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researchers [3–17]. The present study focuses on the cross- 
section behavior of steel channel sections subjected to 
minor-axis bending. The case of minor-axis bending in the 
U-shaped cross sections is observed in the consideration 
of biaxial beam bending associated with perimeter span-
drel members in exterior framing lines and that in the gen-
eral case of a beam column. It is potentially desirable to 
employ U-shaped cross sections with proportions such that 
sufficient structural ductility is available in the member to 
achieve a system-wide moment redistribution. The ability 
to redistribute forces plays an important role, especially in 
seismic design. This is also important for natural and man-
made hazards in which structural robustness is crucial.
Most of the studies on structural steel beams with chan-
nel-sections are about thin walled and cold formed sections 
that are under the risk of buckling and about discussing the 
behavior of the section under both axial and bending loads. 
For instance; Lou and Hancock studied flexural-torsional 
buckling mode of channel-section beams [18]. There is a 
study about lateral-torsional buckling of channel-section 
beams loaded under minor axis in which experimental and 
finite strip analysis were both performed [19]. Oszvald and 
Dunai [20] investigate the load-carrying capacities of aus-
tenitic stainless steel channel sections with stub column 
tests under pure compression. Lecce and Rasmussen [21] 
examined ferritic stainless steel lipped channel section 
columns with experimental tests and numerical analy-
sis [22]. Nonlinear instability analyses of channel-section 
beams subjected to minor-axis pure bending was studied 
by Yuan [23]. He used energy methods to derive the solu-
tions and validated the results by using ANSYS nonlinear 
finite element analyses. Niu et al. [24] studied the overall 
buckling behavior of laterally unrestrained channel sec-
tion beams with experimental tests. Theofanous et al. [25] 
examined the flexural performance of austenitic stainless 
steel channel sections exposed to moment gradient and 
uniform bending moment, with laterally restrained 3-point 
and 4-point bending tests. Kumar and Sahoo [26] stud-
ied the influence of width-to-thickness ratio and depth-to-
width (aspect) ratio on the ultimate flexural strengths of 
channel sections bending about their minor axes. But they 
only covered cold formed channel-section beams in their 
study. Mania et al. [27] studied the post-buckling behav-
ior of thin-walled channel cross-section members made of 
Fiber Metal Laminate subjected to an axial compression 
and they focused on the initial imperfection influence on 
the post-buckling response. Liang et al. [28] carried out 
comprehensive experimental and parametric [29] study 
of the local behavior of stainless steel channel sections 
subjected to the combined actions of axial compression 
and minor axis bending moment. The studies that were 
made in the literature generally consist of numerical or 
parametric investigation that validated by experimental 
tests. Validated numerical models provide good estima-
tion for buckling behavior of members that is of different 
geometric and loading scenarios. Thus, this methodology 
is applied in this study to investigate U-shaped cross sec-
tions. In the study, the minor-axis bending is considered 
for only the positive moment when the web is in tension 
and the flange parts are in compression. Under a negative 
moment, the flange tips are not under the risk of buckling 
locally. Hence, the negative moment is not considered. 
The study consists of experimental tests for validating 
finite element models and numerical parametric analyses 
to evaluate compactness condition of members having dif-
ferent cross sections. Firstly finite element models are val-
idated with four point bending test results. Subsequently, 
a parametric study is conducted by using the validated 
numerical models. The results of the parametric study are 
discussed in detail by comparing the values specified in 
Eurocode 3 and those obtained from the equation given by 
the elastic buckling theory. The moment rotation capacity 
was calculated for each cross section to define whether the 
cross section is compact. Finally, the study evaluate the 
compactness limits given in Eurocode 3.
2 Theoretical background
In Eurocode 3 [30], cross sections are grouped into four cat-
egories based on the yield strength of the material, width-to 
thickness ratio of each plate component under compression 
and loading arrangement [31]. The aforementioned catego-
ries are well known as plastic, compact, semi-compact, and 
slender and named as Class 1, Class 2, Class 3, and Class 4 
in Eurocode 3, respectively. The classes are given in Fig. 1.
Figure 1. The classicifications according to Eurocode 3[31]
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Fig. 1 The classification of cross sections according to Eurocode 3 [31]
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In the Eurocode 3, the cross-section classification is 
based on the plate slenderness limits for cross-sectional 
plate components. In the code, the limiting width-to-thick-
ness rations are modified by a factor ɛ that is dependent 
upon the material yield strength. ɛ is defined as Eq. (1) [31];
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It is important to consider the plate compactness con-
cept from the unstiffened members’ viewpoint. The 
flanges of the U-cross section are under nonuniform flex-
ural compression loading in minor-axis bending, and thus 
they behave as unstiffened members. Given this type of 
behavior, the plate slenderness is calculated as λcr = 0.46 
with the onset of plate hardening [32]. The slenderness is 
defined as follows by Haaijer and Thürlimann [32].
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Here, E and ν denote the material's elastic modulus and 
Poisson's ratio, respectively. Furthermore, k defines the 
plate-buckling coefficient in which the value depends on 
the plate boundary conditions, stress distribution around 
the loading edge, and plate aspect ratio. When the equa-
tion is solved for the width-to-thickness ratio (c/t) by tak-
ing E = 200 GPa, we obtain the following expression:
c
t
k
Fy
=195 574, .  (4)
The elastic plate buckling coefficient, k, is defined as 
0.425 and 1.277 for the pinned and fixed cases, respec-
tively. Flange plates are elastically restrained by the web 
plate, and the true boundary condition lies between the 
upper and lower bound limits of pinned or fixed plate 
edges. It is not possible to specifically address the flange 
support as pinned and fixed, and thus we can consider the 
two extreme values for the present case of the channel sec-
tion flange. Thus, the width-to-thickness ratio is derived 
for two limiting support conditions of the flange web junc-
tion as given in Table 1. 
Additionally, values of the c/t ratio for each steel class 
are calculated and listed in the table. It is expected that 
the elastic plate slenderness values obtained from elastic 
plate buckling theory are in close proximity with the slen-
derness values given in Table 1. The uncertainty arises 
from the way to define the actual web-flange conjunction, 
namely as pinned or fixed.
3 Experimental study
3.1 Material properties
In order to determine the stress-strain diagram of the steel 
members, three coupon samples were cut from the test 
elements and prepared according to ASTM E8 [33]. The 
coupon samples are given in Fig. 2. Three samples which 
were named as Tensile Test Sample1 (TTS #1), Tensile Test 
Sample2 (TTS #2), Tensile Test Sample3 (TTS #3) were 
tested with axial tensile test and stress-strain graphs were 
obtained for each of samples (Fig. 2).
3.2 The experimental test setup
In this study, three test specimens were produced by 
keeping bf/d ratio constant in determining the behavior 
of elements placed on weak axis under bending effect. 
The L/bf ratio of the test samples changes regularly. Four 
point loading tests were performed on three test elements. 
Samples were prepared as 1000 mm and 500 mm between 
supports. For the test specimens with a length of 500 mm, 
the distance between the loads is 200 mm and for the 1000 
mm test sample, the distance between loads is determined 
as 300 mm. 80 × 15 × 500 spreader beam was used to 
apply the load evenly on the test element. Two 80 × 10 × 50 
mm steel bars were used to ensure load transfer from the 
spreader to the beam. Rubber pads were used to prevent 
the damage from the specimen. The experimental setup 
and boundary conditions of the test specimen are shown 
Table 1 Plate slenderness, c/t, formulas and corresponding values [32]
Plate Bucklink Theory Eurocode 3
Pinned-support Fixed-support Class 1 Class 2
c/t≤
S 235 8.32 14.42 9 10
S355 6.77 11.73 7.29 8.1
Fig. 2 View of test setup and schematic view of testing
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in Fig. 3. Information on the dimensions and mechanical 
properties of the test specimens are given in Table 2. Fig. 4 
with drawing; d: profile width, bf: profile flange length, 
c: profile flange length after removing the thickness, 
t: profile thickness is expressed.
Experiments were performed under four-point load-
ing that created a fixed moment region. This is import-
ant because the behavior under the effect of pure flex-
ure can be examined by eliminating shear-stress-related 
deformations. 
4 Finite Element Models of the samples
Finite element models of the specimens that are validated 
with experimental test results are used for the paramet-
ric analysis. In this part of the study, detailed informa-
tion on the assumptions in modeling steps and the tech-
niques used in the finite element analyses are presented. 
A commercial finite element analysis software package 
that is widely used in many engineering scientific studies, 
ABAQUS version 6.8, was used in the study [34]. In the 
analyses, both material and geometric nonlinearities were 
considered. Unstable behavior due to local buckling was 
present in the analyses, and thus the Riks-Wempner incre-
mental solution technique was preferred, given its ability 
to catch the critical points such as buckling on the equilib-
rium path. It is considerably important to catch the critical 
points in this type of compactness study as the achievement 
of the plastic moment capacity is limited with the points. 
In the study, S235-S355 mild steel with the elastic-perfect-
ly-plastic model was used by introducing the von-Mises 
failure surface change based on the isotropic hardening 
rule. Strain hardening and residual stresses were ignored. 
The Poisson's ratio was assumed as 0.3 and the modulus of 
elasticity is taken as 200 GPa. True stress and strain values 
were calculated and implemented in the model. The afore-
mentioned two steel classes, S235-S355, were selected 
owing to their wide usage in civil engineering.
4.1 Mesh and support conditions
Channel cross sections were meshed with shell finite ele-
ments positioned along the middle surface on the cross-sec-
tional constituent plate components. Beams were seeded 
with finite elements in which the geometrical dimen-
sions exhibit an aspect ratio of one. The S4R nonlinear 
and finite strain shell element from the ABAQUS element 
library was used. The S4R shell element considers shear 
deformations [35, 36]. To exhibit thin shell behavior, both 
the strain method specified in Macneal [37] and reduced 
integration were used in the formulation of the element. 
This type of element was selected as it yielded reliable 
results in previous validation studies [38]. The sensitiv-
ity of the numerical model to the mesh density was also 
examined using different mesh densities. There were no 
significant differences in the results when different mesh 
densities were used. Finally, a shell element as close as 
possible to 1 × 1 cm was used to maintain the element's 
aspect ratio value of one. Flanges and the web plate shared 
the same nodes at the connection interface with identical 
degrees of freedom. Supports were assigned to the nodes 
at the web plate. Support conditions were only defined at 
the web plate on both edges as roller supported at an edge 
and simply supported at the other edge. Point loads were 
also assigned at the nodes of the web to create a line form 
similar to that in the real experimental test. Constructed 
finite element model is shown in Fig. 5.
U1 = displacement in the x axis, U2 = displacement in 
the y axis, U3: displacement in the Z axis are represented 
at Fig. 5.
Fig. 3 View of test setup and schematic view of testing
Table 2 Dimensional and material properties of test specimens
Name
Cross Section
(d, bf, t)
Span bf/d L/bf
Yield 
Stgth
Tensile 
Stgth
(mm) (mm) (MPa) (MPa)
Specimen #1 105 × 50 × 2.5 1000 0.5 20 245 290
Specimen #2 105 × 50 × 2.5 500 0.5 10 237 284
Specimen #3 70 × 35 × 2.5 500 0.5 5 230 275
Fig. 4 Abbreviations on the cross section
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4.2 Validation of the models
The study uses finite elements modeling techniques, and 
thus it is considerably important to compare the results 
obtained from the constructed numerical model and those 
obtained from the experimental study. The validation pro-
cess should be made to achieve more reliable results and 
it is widely applied in numerical studies that made in the 
literature [39–41].
To examine geometrical and material nonlinearities and 
imperfections by finite element modeling, the inclusion of 
an imperfection field into the model is typically advised. 
The imperfection field is used to perturb the perfect geom-
etry of the model. When the imperfection field is ignored, 
the model stays in an artificially perfect geometry through-
out the loading. It is a mathematically acceptable equi-
librium condition, and thus it is possible to obtain a solu-
tion from finite element analysis with its initially perfect 
geometry. However, this does not correspond to a physical 
meaning as any disturbance or imperfection can convert 
the equilibrium condition to inaccessibly practical cases.
To avoid the cases that are mathematically possible 
(although not possible in reality), it is necessary to add 
an acceptable amount of geometrical imperfections to the 
finite element models. An approach to implement imper-
fection involves adopting a geometry similar to that of the 
first two buckling modes [42] (Fig. 6(a, b)). It is observed 
from the linearized eigenvalue buckling analyses per-
formed with ABAQUS that the governing mode of insta-
bility in the minor-axis U-shaped members involves local-
ized buckling shapes within the flange. Thus, sinusoidally 
varying imperfections with a half wavelength of bf /2 are 
used in conjunction with a magnitude corresponding to 
the maximum allowable fabrication imperfection permit-
ted by the American Welding Society [44], namely a value 
of bf /100. Fig. 6(c). illustrates the sinusoidally varying 
imperfection geometry.
The finite element model was made without consider-
ing the radius (at the point of junction) (FEM #1) and with 
the radius (FEM-R#1). When load-displacement curves 
were compared, it was observed that the load-displacement 
curve of the model where radius was not taken into account 
was more approximate to the load displacement curve of 
the experiment (Fig. 7).
Experimental studies were performed on 3 samples. 
At the end of the study, pre- and post-test pictures of the 
samples are shown in Fig. 8. End plates in the test sam-
ples were used to simulate the boundary conditions of the 
U profile in the structure. These boundary conditions are 
defined in the finite element model by the degrees of free-
dom of the cross-section nodes. It is shown in Fig. 5.
Three minor-axis bending experiments are repro-
duced as a numerical model and the structural responses 
obtained from numerical analysis of the models are subse-
quently compared with those of experimental tests. Load-
displacement graphics are plotted for both numerical and 
experimental test results in Fig. 9. Additionally, ratios of 
the maximum load and corresponding deflection values 
are given in Table 3. The validation results indicate that 
proposed numerical modeling steps reflect the ultimate 
force and maximum deflection with a +4 % and +13 % 
difference, respectively. When the general response in the 
experiment is compared with that observed in the numer-
ical analysis, the findings indicate that the results agree.
Three experimental test samples are considered suffi-
cient to validate the numerical modeling steps as the three 
tests exhibited different cross sections, different flange 
slenderness values, and different beam lengths. Based 
on the results, it is concluded that the proposed model-
ing strategies yield reliable results for the parametric stud-
ies that are to be conducted. In addition, the deformation 
shapes of the specimens, which were obtained after exper-
imental tests and numerical analyses, are nearly over-
lapped as shown in Fig. 10 .
Fig. 5 Finite element model of the test specimen
(c)
Fig. 6 Implementation of imperfect geometry at the flange tips [42,43] 
Buckling mode shape-MOD1, b) Buckling mode shape-MOD2, 
 c) Idealized sinusoidally varying imperfection geometry
(a) (b)
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FEM-R#1
FEM#1
Fig. 7 Comparison of the considering of radius situation in numerical model
Specimen#1
Specimen#2
Specimen#3
Fig. 8 Pre-visual and post-test visuals of test elements
Specimen#1
Specimen#2
Specimen#3
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5 Parametric study
Upon validation of the FE models, parametric studies were 
carried out to study the buckling behavior of channel-sec-
tion beam over a wide range of key parameters, including 
the cross-sectional aspect ratio (bf /d), unbraced length to 
cross-sectional depth ratio (L/bf) and the flange slender-
ness ratio (c/tf). Web slenderness ratio (h/tw) was kept con-
stant in the parametric study. The parametric study was 
made for both S235 and S355 class steels. The compact-
ness level is determined by calculating the rotation capac-
ity (R) for each cross section. To claim a cross section as a 
compact cross section, it should exhibit at least an R value 
of three [43]. The rotation capacity used in the study is 
defined by R = w{(θ2/θ1)-1} as given in the ASCE [44]. 
In the equation, θ2 defines the rotation value at which the 
moment capacity of the cross section is less than its plastic 
moment capacity in the Mn/Mp diagram. Thus, it is crucial 
to determine the loading and specifically the unloading 
path to calculate R. In the θ/θp graph, θ1 denotes the the-
oretical rotation angle for the moment at which the plas-
tic moment capacity calculated based on the elastic beam 
stiffness is reached. The degree of the ductile behavior 
is graphically defined in Fig. 11. When the rotation value 
for no seismic design of steel structures is considered as 
three (R = 3), it is accepted that the structure behaves in 
a sufficiently ductile manner [45], and thus the available 
compactness provisions were determined based on the 
R value [45–49]. 
Fig. 9 Validation results of numerical models
Table 3 Comparison of finite element modeling results and 
experimental result
Ultimate Load (kN) Maximum Deflection (mm)
Name PTest PFEM PTest / PFEM ΔTest ΔFEM
ΔTest / 
ΔFEM
Specimen #1 4.03 4.08 0.99 7.60 7.50 1.01
Specimen #2 9.30 9.00 1.03 5.10 4.80 1.06
Specimen #3 6.10 5.84 1.04 5.90 5.24 1.13
Fig. 10 Comparison of experimental and numerical deformation shapes
Fig. 11 Graphical representation of moment rotation value, R [50]
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While arriving at individual plate slenderness limits for 
compact flange response, the ratio c/tf is varied for a fixed 
combination of the other two parameters, namely bf /d, L/bf, 
until a moment rotation capacity of at least R = 3 is achieved 
(Fig. 12). The values calculated by the existing equation as 
given in Eurocode 3 are also given in the same tables. In the 
Table 4 and Table 5, C1 and C2 indicate the limiting plate 
slenderness values for Class 1 and Class 2, respectively.
6 Discussion of the results
6.1 Numerical result-based flange slenderness limit 
versus that obtained from Eurocode 3
There are a few cross sections in which Eurocode 3 yields 
a high slenderness limit value of 14. However, when the 
identical cross sections were observed that the compact-
ness limits are smaller values than the compactness lim-
its of Class 1 and Class 2 given in Eurocode 3. This is the 
case for beams with bf /d values of 1, 0.8, 0.6. Slenderness 
values calculated based on Eurocode 3 are conservative 
only for cross sections with bf /d = 0.4 when compared with 
those obtained from numerical analysis (Table 5).
Numerical analysis allows a low slenderness ratio for 
cross sections with high bf /d values to meet the compact-
ness criteria. This is practical because the region of the 
flange that is under compression is far from the web junc-
tion, and thereby is in keeping with support for the flange. 
When bf /d is lower than the neutral axis shift close to the 
web, the flange starts to behave in a manner similar to 
a supported plate. Thus, the shift permits a higher slender-
ness ratio for cross sections with bf /d = 0.4. (Fig. 13)
6.2 Effect of the steel yield stress, Fy, on the flange 
compactness limit
The aim involved investigating the effect of yield strength 
on the flange compactness limit by assuming that the yield 
strength values of the steel are 235 MPa and 355 MPa. 
All the other parameters are considered constant, and it 
is observed that the c/tf ratio decreases when the yield 
strength increases. This is coherent with the Eurocode 3 
as c/tf and Fy are inversely proportional to each other in 
Eurocode 3. The results for the effect of yield strength are 
shown in Fig. 14 for a representative study group.
6.3 Improving the equations given in the Eurocode 3
The flange slenderness values calculated using the elas-
tic buckling theory and tabulated in Table 1 are in good 
agreement with those calculated using the equations for 
Eurocode 3. As observed in Table 1, the plate slenderness 
values are obtained by assuming that an edge of the plate is 
simply supported or fixed. Additionally, it can be argued that 
Eurocode 3 potentially yields more conservative values as it 
assumes that the loaded edge is under uniform compression, 
and this corresponds to the most unfavorable loading case. 
However, numerical analysis indicates that this is not true 
as the flange slenderness values observed in the study are 
considerably more conservative than those in Eurocode 3. 
The aforementioned differences create a risk in the design 
if the design based on the existing Eurocode 3. The reason 
is essentially that the neutral axis of cross sections does not 
always lie within the web-flange conjunction and instead 
shifts through the flange. In this case, the compression region 
of the flange behaves as an unstiffened plate (Fig. 13). 
Potentially, the use of the limiting plate slenderness 
mentioned in Eurocode 3 gives accurate results when the 
neutral axis is located on the web of the channel section 
under minor-axis bending. If the neutral axis is located far 
from the web, then the new plate slenderness, λc, which 
defines the onset of hardening, should be defined. The new 
plate slenderness should be calculated as the average 
between the lower and upper bounds. Thus, the plate slen-
derness value of λc = 0.315 is calculated by averaging the 
lower bound λc = 0.46 (unstiffened plate) and upper bound 
λc = 0.17 given by Haaijer and Thürlimann [32]. Thus, plate 
slenderness ratio for unstiffened plate should be as follows:
Fig. 12 Steps taken to determine the moment rotation value of at least three [50]
Yaman and Ağcakoca 
Period. Polytech. Civ. Eng.|9
Ta
bl
e 
4 
Pl
at
e 
sl
en
de
rn
es
s 
va
lu
es
 f
or
 p
ar
am
et
ri
c 
m
od
el
s 
w
it
h 
S2
35
L/
b f
10
12
14
16
18
20
22
b
f  
/d
1
S2
35
#1
11
S2
35
#1
15
S2
35
#1
19
S2
35
#1
23
S2
35
#1
27
S2
35
#1
31
S2
35
#1
35
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
13
15
6
13
15
6
13
15
5
13
15
5
12
14
4
14
15
5
14
15
5
0.
8
S2
35
#1
12
S2
35
#1
16
S2
35
#1
20
S2
35
#1
24
S2
35
#1
28
S2
35
#1
32
S2
35
#1
36
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
12
13
6
12
13
6
12
13
5
12
14
5
12
14
4
11
12
5
11
13
5
0.
6
S2
35
#1
13
S2
35
#1
17
S2
35
#1
21
S2
35
#1
25
S2
35
#1
29
S2
35
#1
33
S2
35
#1
37
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
9
10
10
9
10
10
9
10
10
9
10
9
9
10
9
9
10
9
9
10
9
0.
4
S2
35
#1
14
S2
35
#1
18
S2
35
#1
22
S2
35
#1
26
S2
35
#1
30
S2
35
#1
34
S2
35
#1
38
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
8
9
13
9
8
12
7
9
11
8
9
12
7
8
11
8
9
10
9
8
10
C
1:
E
ur
oc
od
e3
 C
la
ss
1,
 C
2:
 E
ur
oc
od
e3
 C
la
ss
2,
 F
E
M
: F
in
it
e 
E
le
m
en
t M
od
el
Ta
bl
e 
5 
Pl
at
e 
sl
en
de
rn
es
s 
va
lu
es
 f
or
 p
ar
am
et
ri
c 
m
od
el
s 
w
it
h 
S3
55
L/
b f
10
12
14
16
18
20
22
b
f  
/d
1
S3
55
#2
11
S3
55
#2
15
S3
55
#2
19
S3
55
#2
23
S3
55
#2
27
S3
55
#2
31
S3
55
#2
35
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
11
12
4
11
12
4
11
13
4
11
12
4
11
12
3
12
13
3
12
13
3
0.
8
S3
55
#2
12
S3
55
#2
16
S3
55
#2
20
S3
55
#2
24
S3
55
#2
28
S3
55
#2
32
S3
55
#2
36
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
11
12
4
11
12
4
11
13
4
11
12
4
11
12
3
12
13
3
12
13
3
0.
6
S3
55
#2
13
S3
55
#2
17
S3
55
#2
21
S3
55
#2
25
S3
55
#2
29
S3
55
#2
33
S3
55
#2
37
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
7
8
6
8
9
5
7
8
4
7
8
5
7
8
4
8
9
4
7
8
4
0.
4
S3
55
#2
14
S3
55
#2
18
S3
55
#2
22
S3
55
#2
26
S3
55
#2
30
S3
55
#2
34
S3
55
#2
38
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
C1
C
2
FE
M
8
9
11
7
8
11
8
9
11
8
9
11
7
8
11
7
8
11
7
8
11
C
1:
E
ur
oc
od
e3
 C
la
ss
1,
 C
2:
 E
ur
oc
od
e3
 C
la
ss
2,
 F
E
M
: F
in
it
e 
E
le
m
en
t M
od
el
10|Yaman and Ağcakoca Period. Polytech. Civ. Eng.
Fig. 13 Flanges under compression limit, S235
Fig. 14 Effect of yield stress on the flange compactness limit
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c
t
 5 7.   (5)
for stiffened plate should be as follows
c
t
 9 9.   (6)
Here   235 / Fy .
If Table 1 is updated with these equations, then the 
values of Eurocode 3 are reliable and do not conflict with 
numerical results (Table 6). However, it will be seen to coin-
cide with the FEM results. α is defined that the ratio of the 
pressure zone length to the pull zone length in Eurocode 3.
When the results of Tables 4 and Table 5 are compared 
with Table 6, the flanges have unstiffened plate slenderness 
in cross sections where the bf /d ratio is 0.6 and greater, and 
the flanges in the cross sections where the bf /d ratio is 0.4 
and smaller exhibit compact behavior in the stiffened plate 
slenderness. However, when the Flanges Slenderness are 
examined in Table 6, it is seen that Eurocode 3 accepts 
flanges as stiffned plates both Class 1and Class 2.
7 Conclusions
This paper presents parametric studies to examine plate 
slenderness conditions required for plastic design of chan-
nel section steel profiles. In order to obtain reliable numeric 
results, finite element models of profiles were validated 
according to experimental results obtained from four point 
bending tests. Upon validated FE models, parametric stud-
ies were carried out using two steel classes, different beam 
lengths and cross-sectional geometries. The following con-
clusions are drawn:
It is observed that, with the increase of bf /d ratio, the 
flange slenderness values which will provide the rota-
tional capacity required for plastic design decrease nearly 
60–70 % With increasing steel yield strength, the flange 
slenderness values, which will provide the necessary roll-
ing capacity for plastic design, reduce about 10–35 %. 
It is calculated that while the bf /d ratio is 0.6, there is a 
variation on 10–15 % between flange slenderness results 
of FE analysis and plate slenderness values of Eurocode 3. 
As the bf /d ratio increases (0.8 and 1) the variation ranges 
between 50–85 %, and as the bf/d ratio decreases (0.4), the 
variation ranges among 20–30 %. 
By looking at the plate slenderness values obtained as 
a result of the parametric study, it can be said that if the bf 
/d ratio is 0.6 and greater in a bending effect u profile, the 
flanges of U will exhibit stiffened plate behavior, and if 
it is less than 0.6, it will exhibit stiffened plate behavior. 
The bf /d's turning point value changed the behavior can 
be analyzed another study by changing in bf /d ratio at 
closer intervals.
According to the results, it is observed that the plate 
slenderness values given in Eurocode 3 are much safer 
than the slenderness ratio limits for channel sections that 
exposed to minor-axis bending. Thus, if the values depicted 
in Eurocode 3 are used, then the cross sections do not reach 
their plastic capacities without buckling, as proposed. 
Based on the plate buckling theory, the results obtained 
with the recommended plate slender limit equations 
(Eq. (5) and Eq. (6) gave results in the range of slender 
values obtained with FEM. This shows that, in plates sup-
ported from one end to the other cross section of the pro-
file, plate slenderness should be nearby λc = 0.315
When the solution steps of the differential equations 
given for buckling of plates in the literature are applied for 
U-section; two formulas were obtained according to the fact 
that the connection of the head plates to the body is con-
sidered as fixed or built-in bearing. The numerical analysis 
results and calculations that are obtained using the elastic 
buckling theory indicated that the reason for the unreliabil-
ity is attributed to the plate support. The presence of differ-
ent boundary conditions should be investigated as the plate 
slenderness, λc, is extremely sensitive to the support condi-
tion. Thus, a stiffened plate and an unstiffened plate exhibit 
different behavior on reaching the plastic moment.
Finally, it can be clearly seen that geometric properties 
affect the buckling behavior of channel section steel pro-
files substantially. In the present study only two widely 
used steel classes are considered. It is necessary to per-
form additional experimental and numerical studies with 
different types of steel class and different types of load-
ings such as a three-point load.
Table 6 Updated slenderness values for unstiffened plates [32]
S235 S355
α α
1 0,8 0,5 1 0,8 0,5
E
U
R
O
C
O
D
E
 3
C1 9 11,3 18 7,3 9,1 14,6
C2 10 12,5 20 8,1 10,1 16,2
FEM 5~13 3~11
E
Q
U
A
T
IO
N
 5
–
6
Unstiffened Plate 5,7 7,1 11,4 4,6 5,75 9,2
Stiffened Plate 9,9 12,4 19,8 8 10 16
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